Spin interactions between a two-dimensional electron system at the InAs surface and transition metal ions, Fe 3+ , Co 2+ and Ni 2+ , deposited on the InAs surface, are probed by antilocalization measurements. The spindependent quantum interference phenomena underlying the quantum transport phenomenon of antilocalization render the technique sensitive to the spin states of the transition metal ions on the surface. The experiments yield data on the magnitude and temperature dependence of the electrons' inelastic scattering rates, spin-orbit scattering rates, and magnetic spin-flip rates as influenced by Fe 3+ , Co 2+ and Ni 2+ . A high magnetic spin-flip rate is shown to mask the effects of spin-orbit interaction, while the spin-flip rate is shown to scale with the effective magnetic moment of the surface species. The spin-flip rates and their dependence on temperature yield information about the spin states of the transition metal ions at the surface, and in the case of Co 2+ suggest either a spin transition or formation of a spin-glass system.
INTRODUCTION
One of the central and common concepts to magnetism, spin physics and spin-based technologies lies in the spinexchange interactions between carriers and local moments. In the present work, spin-sensitive transport-based quantum interference experiments are used to study spin interactions between transition metal (TM) ions (Fe 3+ , Co 2+ and Ni 2+ ) on the surface of (001) InAs and a two-dimensional electron system (2DES) accumulated in close proximity at the same surface. Investigations of surface magnetism and its interactions with carriers in a thin-film host have likewise attracted attention [1] [2] [3] [4] [5] [6] [7] [8] . The TM ions modify the spin-flip scattering rate and the spin-orbit interaction (SOI) properties of the 2DES electrons, in turn modifying the quantum phase coherence properties in the 2DES. The quantum coherence properties are in this work quantified by the weak-localization quantum coherence corrections to the conductivity of the 2DES, caused by interference between backscattered time-reversed electron trajectories. The quantum coherence corrections lead to a 2DES resistance R with a specific dependence on the magnetic field B applied normally to the surface, under strong SOI known as antilocalization (AL) [2] [3] [4] [5] [9] [10] [11] . These quantum coherence corrections are a sensitive probe for the effects of magnetic impurities, capable of quantifying spin interactions [12, 13] . A parallel can be drawn with magnetic resonance methods (NMR, EPR), which also characterize a local spin environment by measuring a spin decoherence time (T 2 ). The 2DES magnetoresistance (MR) due to AL is determined by four characteristic decoherence or scattering rates (inverse scattering times) [2, 3, 5, 10, 14] : the elastic scattering rate τ −1 0 as deduced from the areal electron density N S and mobility µ; the SOI scattering rate τ SO carries information about the SOI strength. Prominent SOI facilitates unique numerical fits of the AL model to the data because the characteristic MR of AL shows a turnaround from positive to negative MR under increasing B. The InAs surface 2DES has prominent Rashba SOI [2, 3, 17] , and moreover provides electrons in close proximity to the local TM moments. The Fermi level E F is at the surfaces of InAs pinned above the conduction band, forming a surface 2DES [2, 3, [18] [19] [20] [21] . In recent experiments rare earth ions [2] and hemin [3] were deposited on the surface of InAs films to probe the spin interactions between surface electrons and the local magnetic species. While the rare earth ions possess large magnetic moments, the 4f shells responsible for paramagnetism of rare earth ions lie deep inside the 5s and 5p shells and as a result spin interactions with the itinerant electrons are partially screened. To study a system with reduced screening, in the present study TM ions are applied as magnetic surface species (MSS). The 3d shells responsible for ferromagnetism of TM ions are outermost, and strong interactions with InAs surface electrons are anticipated, borne out by the experiments described below.
EXPERIMENTAL METHODS
The MR measurements are performed by using standard four-contact low-frequency lock-in techniques. The experiment temperature T varies from 0.40 K to 6.0 K, maintained in a 3 He cryostat, with B applied perpendicularly to the sample surface. The sample consists of a 3.75 µm thick n-type (001) InAs film. Serpentine mesa structures (Fig. 1) , fabricated on the InAs film via photolithography, are designed to enhance the MR signal by increasing channel length (8820 µm) to width (30 µm) ratio. The experiment is comparative, between before and after the deposition of MSS. Thus two neighboring mirror-twin serpentines are used, as shown in Fig. 1 . At the edge of the deposited area, higher MSS concentration may exist, however, no cluster formation is detected by atomic force microscopy, and the AL results form an average over the serpentine mesas. Therefore, the local variation of the areal density does not affect the AL signals. To verify that the measured differences in AL signal are due to the MSS only, the role of both deionized water and the nitrate anion were evaluated. Each serpentine mesa experiences a deionized water rinse as the final step of the fabrication process. Since the measurement consists of a comparison of the AL data between a bare (i.e. previously covered by deionized water) mesa and an MSS covered mesa, we can consider the contribution of deionized water and of possible oxidation to be eliminated. The influence of the nitrate anion on the AL signal was assessed by the comparative measurement of a bare mesa and a mesa covered with a Bi(NO 3 ) 3 .5H 2 O solution of the same concentration. The Bi 3+ ions have a spin angular momentum quantum number S=0, and thus any observed difference may be attributed to the nitrate ions. No significant difference was observed, indicating that contributions from nitrate anions or from possible oxidation do not impact the comparative AL measurements below [2] . Moreover, the twin serpentines are fabricated simultaneously on the same sample and experience the same cooldown, and hence the measured differences in AL signals will be due only to the presence of MSS and their interactions with the 2DES. The comparative (rather than absolute) data allows the analysis. SO , this work uses an expression for ∆σ 2 (B) from Ref. [10] modified to include spin-flip scattering [2, 3] :
where ψ(x) is the digamma function and each scattering time τ α (with α = 0, i, SO, s) corresponds to a characteristic magnetic field B α = /(4eDτ α ). B i , B SO and B s are used as fitting parameters allowing the determination of τ i , τ SO and τ s , while B 0 is independently known from τ 0 for all serpentine mesas. The MR measurement of the bare serpentine determines B i and B SO when spin-flip scattering is absent (τ s → ∞). By assuming τ i unchanged in the presence of MSS [4] , B i , B SO and B s of the serpentine bearing the MSS can then be determined after fitting the corresponding MR measurement, and τ i , τ SO and τ s are obtained in the presence of MSS [2, 3] . The experimental data follow Eq. (1) to good precision, as observed in the example of Fig. 2 , while also resulting in a consistent series of scattering rates τ −1 α compatible with physical understanding.
RESULTS AND DISCUSSION
A comparison between Fig. 2a and Fig. 2b demonstrates the sensitivity of AL to MSS. Coverage with Ni 2+ reduces the sharp positive MR for B ∼ 0 characteristic for AL, and coverage with Fe 3+ changes the AL signal into a weak-localization signal characteristically entirely lacking the positive MR for B ∼ 0. Both Ni 2+ and Fe 3+ , and particularly the latter, hence mask the observation of the SOI responsible for AL. This observation may be explained by considering suppression of SOI due to ferromagnetic ordering on the surface [24, 25] . Alternatively, the high τ , showing that the two scattering mechanisms indeed oppositely influence the spin decoherence measured by AL. Spin-flip scattering can then change the MR signal from AL characteristic of substantial SOI, to weak-localization, characteristic of weakened or screened SOI. These qualitative observations will be detailed below, as will be the effect of coverage with Co 2+ . The observed AL signal is influenced by the electron configuration and symmetry of the TM complexes on the surface. The 3d electron configurations of the TM ions correspond to
The TM ions are deposited from their aqueous nitrate salt solutions, where each TM center is in an octahedral geometry coordinated to 6 H 2 O molecules, and associated with nitrate anions for charge balance. Compared to the 5 degenerate 3d orbitals for a free ion, in an octahedral geometry the 3d energy levels form 3 t 2g and 2 e g levels due to crystal field splitting, as shown in Fig. 3 . The energy separation between the t 2g and e g levels is related to the TM and the surrounding ligands, here all H 2 O. The schematic in Fig. 3 shows different energy separations, and is calculated setting the energy difference in the case of the Ni 2+ complex as 1 unit [26] . Indicated in the middle column of Fig. 3 are TM ions in perfect octahedral geometry with 6 identical H 2 O ligands favorable to forming high-spin complexes. In the right column, low-spin configurations are shown, and in all cases the total spin S is indicated, as well as representative values for the observed effective magnetic moments µ eff expressed in Bohr magnetons µ B . In the low-spin cases for Fe 3+ and Co 2+ , µ eff is essentially that of a single unpaired electron [27] . In the d 8 Ni 2+ system, the electron configuration of the high-and low-spin cases is identical, and forms the baseline for our comparative discussion.
The dependence on T of τ
for all TM samples is presented in Fig. 4 . The TM samples show a linear dependence on T of τ ∆τ −1
A positive ∆τ Fig. 2 shows that the AL signal changes to weaklocalization, indicating that the spin-flip scattering indeed influences this sample the most, in accordance with the highest ratio ∆τ is assumed. From Fig. 6 , τ −1 s (Co 2+ ) = 0.41 ps −1 at T = 6.0 K, strongly suggesting a spin crossover process. Considering a spin crossover in the case of Co 2+ , we assume that as T is increased, the proportion of high-spin to low-spin Co 2+ in the population increases according to a spin crossover process that is driven by T (as opposed to pressureor B-driven). The mole fraction function ρ H (T ) of Co 2+ ions in their high-spin state can then be written as:
where the inverse of the heuristic fitting parameter α denotes a temperature scale proportional to the energy required to promote electrons from the t 2g to the e g level and convert low-spin Co 2+ to high-spin Co 2+ . The T 1/2 denotes the temperature for a coexistence of 50% of low-spin and 50% of high-spin Co 2+ ions. We can obtain the expression for the T dependence of the spin-flip rate of the Co 2+ -covered mesa as (adapted from Ref. 
where ∆τ Figure 7 demonstrates the fitting result of applying Eq. 4 to simulate the spin-flip rate data of the Co 2+ -covered mesa. From the fitting α, T 1/2 , τ Fig. 7 cannot be obtained using the AL approach as quantum coherence is lost at higher T and the AL signal vanishes.
Knowing that at low T Fe 3+ is in its high-spin state and Co 2+ is in its low-spin state, the S, L and J of these TM ions in their ground state can be then determined following Hund's rules: Ni 2+ has S = 1, L = 3 and J = 4; Co 2+ has S = 1 2 , L = 4 and J = . Unlike the 4f electrons (deep inside the 5s and 5p shells) responsible for paramagnetism in rare earth ions, the 3d electrons of the TM ions reside in the outermost shell, and are thus unlikely to result in paramagnetism. Paramagnetic behavior may be observed in ferromagnetic or antiferromagnetic materials above their Curie temperature T C , where thermal energy overcomes the interaction between the neighboring spins. However, the T C s of the MSS studied here are expected to much exceed our highest T = 6.0 K. Consequently, we rule out the presence of a paramagnetic system as a potential explanation for the T dependence of τ −1 s in the case of Co 2+ MSS. In the following, the possibility is explored of spin-glass formation in the Co 2+ MSS system as an explanation for the T dependence of τ −1 s in the case of Co 2+ MSS. The magnetic moments of the TM ions can be locked to specific orien-tations by interaction with the substrate atoms or by RKKY interactions [6, 7, 32, 33] , leading to a spin-glass system, which in turn reduces the spin-flip rate τ by a factor S/(S + 1) relative to the free-spin case [33, 34] . A smaller S thereby leads to stronger reduction of τ = 0.13 ps −1 is observed when T < 2 K, compatible with alignment due to spin-glass formation below 2 K. As T increases a free-spin case develops, and starting from τ −1 s = 0.13 ps −1 at 2.0 K we find that the freespin state should be characterized by τ is then anticipated above 6 K, demonstrated also by the differentlyderived fitting curve in Fig. 7 . Experimentally the AL signal fades for T > 6 K and performing experiments at higher T does not yield a sufficient signal to extract information. Yet, the consistency between the spin-glass model and the experimental data of τ As an explanation for the increase with T of τ −1 s in the case of Co 2+ MSS (Fig. 6) , we also explore formation of a Kondo system between the Co 2+ MSS as local moments and the itinerant electrons in the InAs 2DES. In Kondo systems, a spin-singlet state is formed from single Kondo impurity and surrounding electrons within a Kondo cloud. Spin-flip scattering is increasingly suppressed as T is lowered below the Kondo temperature T K , due to screening of the moment of the magnetic Kondo impurity by the electrons, and τ −1 s reaches a maximum at T K [2, 4, 13, 15, 35] . Since Fig. 6 shows that τ −1 s is still increasing at T = 6.0 K (the highest T ), for the present Co 2+ /InAs system a T K > 6 K could be deduced if a Kondo system were indeed formed. T K for Co on Cu surfaces has been experimentally estimated at a relatively high T K ∼ 60 K [36] [37] [38] . Yet, for the InAs system, the low electron density compared to Cu will lower T K substantially. The SOI in InAs and the dense MSS coverage will further depress T K . For the Co 2+ /InAs system, T K > 6 K is hence unlikely. While the formation of a Kondo system cannot be excluded, it therefore appears as an unlikely explanation for the increase with T of τ −1 s in the case of Co 2+ MSS (Fig. 6 ).
Since both the present quantum interference method and NMR use spin decoherence times to detect magnetic moments, a qualitative sensitivity comparison between the approaches yields interesting insights. As pointed out by Ref. [12] (cfr also Ref. [5] ), the quantum interference method based on AL can readily detect ∼ 1 1000 of a monolayer coverage of MSS. In NMR the signal-to-noise ratio linearly depends on the total magnetic moment of the sample and on the resonant frequency. In the AL approach however, the signalto-noise ratio depends on the 2D length-to-width ratio and resistivity of the detecting area (together forming a resistance) and on the MSS coverage in the detecting area. The AL approach further has no dependence on a resonant frequency. Given a minimum detectable coverage of ∼ 1 1000 monolayer, the sensitivity of the AL approach does not directly depend on the total detecting area or hence total magnetic moment of the sample, but rather on the 2D length-to-width ratio of the detecting area. A small detecting area (e.g. a few µm 2 , still sufficiently large to support diffusive electron transport) can hence lead to a sensitivity far surpassing NMR sensitivities. NMR and the AL approach will of course find applicability in elucidating different questions.
CONCLUSIONS
In a two-dimensional electron system on InAs, quantum interference measurements in the form of antilocalization were used to quantify the spin interactions between the lowdimensional electron system and local moments from transition metal ions Fe 3+ , Co 2+ and Ni 2+ deposited in close proximity on the InAs surface. The use of antilocalization as a probe of electron spin decoherence allows measurements akin to magnetic resonance techniques. The measurements reveal the magnitude and temperature dependence of inelastic scattering rate, the spin-orbit scattering rate, and the magnetic spin-flip rate of the InAs surface electrons as modified by the different transition metal ions. The experiments show that a high magnetic spin-flip rate can mask the effects of spinorbit interaction and that the spin-flip rate scales with the effective magnetic moment of the surface species. The experiments also show that the spin-flip rates and their dependence on temperature can be used to deduce information about the spin states of the transition metal ions at the surface. 
